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FOREWORD 


This  report  was  prepared  by  the  Physics  Laboratory.  The  work  was  initiated  under 
Project  No.  7360,  "Materials  Analysis  and  Evaluation  Techniques/*  and  Task  No.  736005, 
"Compositional,  Atomic,  and  Molecular  Analysis.'*  It  was  administered  under  the  direc¬ 
tion  of  the  Directorate  of  Materials  and  Processes,  Deputy  for  Technology,  with  W.  L. 
Baun  acting  as  project  engineer. 

This  report  covers  work  conducted  from  March  1962  to  February  1963. 

The  authors  wish  to  acknowledge  the  help  of  Mark  Goldschmidt  on  the  bibliography.  We 
compliment  the  excellent  work  of  the  Monsanto  Research  Corporation  in  the  fabrication 
of  the  low  temperature  mount  on  a  subcontract  on  contract  no.  AF  33(616)-7450. 
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ABSTRACT 


A  review  and  bibliography  of  78  references  on  low  temperature  X-ray  diffraction  tech¬ 
niques  are  presented.  A  low  temperature  specimen  mount  for  the  horizontal  Siemens 
diffractometer  is  described.  Construction  details,  sampling  techniques,  and  low  tempera¬ 
ture  methods  are  discussed. 


This  report  has  been  reviewed  and  is  approved. 


FREEMAN  F.  BENTLEY 
Chief,  Analytical  Branch 
Physics  Laboratory 

Directorate  of  Materials  and  Processes 
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L  REVIEW  OF  LOW  TEMPERATURE  TECHNIQUES 


A  study  of  materials  at  low  temperatures  requires  specialized  techniques  and  equip¬ 
ment.  A  review  of  literature  in  this  area  shows  that  investigators  have  proposed  such 
techniques  and  equipment,  some  quite  simple,  while  others  are  more  sophisticated  de¬ 
pending  upon  the  specific  nature  of  the  problem  and  the  desired  results. 

A  number  of  investigators  have  proposed  methods  of  adapting  standard  diffractometers 
and  powder  cameras  for  work  in  the  low  temperature  region,  while  others  have  designed 
more  specialized  equipment  and  have  described  more  elaborate  experimental  techniques. 

Several  publications  reviewed  presented  adaptations  of  the  Norelco  Wide-Angle  Diffrac¬ 
tometer  for  low  temperature  investigations  (refs  35,  40,  45,  56,  64,  75).  These  adaptations 
are  generally  quite  simple  in  design  and  operation  and  inexpensive  to  fabricate.  An  example 
of  such  an  attachment  is  shown  in  figure  1.  The  drawing  illustrates  a  simple  clip-on  attach¬ 
ment  for  the  Norelco  diffractometer  and  incorporates  a  cooling  system  to  be  discussed. 

A  good  design  feature  shown  in  the  drawing  is  the  introduction  of  dry  warm  nitrogen  into 
the  space  surrounding  the  sample  chamber,  eliminating  the  icing  of  the  windows.  These 
simple  adaptors  allow  the  study  of  materials  in  the  temperature  range  from  room  tempera¬ 
ture  to  liquid  nitrogen  temperatures  (-190°  C)  by  incorporating  a  cooling  system  of  either 
liquid  nitrogen  or  liquid-nitrogen-cooled  gaseous  nitrogen,  or  a  combination  of  both.  Such 
arrangements  allow  a  variable  controlled  temperature  range.  In  general,  cooling  is 
accomplished  by  passing  dry  gaseous  nitrogen  through  a  copper  coil  immersed  in  liquid 
nitrogen,  after  which  the  cooled  gas  is  transported  through  an  insulated  or  vacuum-jacketed 
delivery  tube  to  the  specimen  chamber  where  it  either  passes  through  a  sample  block 
or  holder  or  is  “sprayed”  directly  onto  the  sample.  By  regulating  the  flow  of  the  gas,  the 
temperature  may  be  controlled. 

The  actual  cooling  system  may  be  as  simple  as  just  described,  or  it  may  be  more  com¬ 
plicated,  and  efficient,  as  the  following  examples.  Figures  2  and  3  show  arrangements 
which  permit  controlled  temperature,  continuous,  unattended  operation.  In  figure  2  the 
liquid  nitrogen  is  boiled  off  by  the  insertion  of  a  small  resistance  heater  in  the  bottom  of 
a  100  liter  reservoir,  thereby  producing  a  continuous  stream  of  cooled  gaseous  nitrogen. 
Figure  3  illustrates  the  more  conventional  design  previously  described  with  some  modi¬ 
fications  allowing  continuous  operation  and  temperature  control.  Liquid  nitrogen  in  intro¬ 
duced  through  inlet  tube  U  into  a  Dewar  flask  R  in  which  is  a  copper  coil  C.  Gaseous  dry 
nitrogen  is  introduced  through  inlet  tube  N,  and  passes  into  a  brass  chamber  H  which  serves 
as  a  cold  trap  for  any  impurities  in  the  incoming  gas.  The  nitrogen  then  passes  into  the 
copper  coil  and  exits  through  tube  0  into  the  mixing  head  M.  Here  the  cooled  gas  can  be 
passed  directly  out  through  outlet  B,  or  it  can  be  mixed  with  warm  dry  gas  introduced 
through  0* ,  thereby  controlling  the  temperature.  The  nitrogen  level  in  the  Dewar  is  mon¬ 
itored  by  the  float  Z  which  is  connected  by  a  fine  wire  to  a  shutter  of  brass  foil  Q  within 
the  enclosed  glass  system  E.  The  float  and  shutter  rise  and  fall  with  the  nitrogen  level  in 
the  Dewar,  the  shutter  operating  between  the  two  lamps  Lj  and  Lg  and  the  two  photoelectric 
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Figure  2.  Cooling  System  for  Continuous  Operation 

(From  Burbank,  R.  D,  and  Bensey,  F.N. ,  The  Application  of  the 
Buerger  Precession  Camera  to  Low  Temperature  Studies.  Report 
No.  K-841,  Carbide  and  Carbon  Chemicals  Company,  K-25  Plant, 
Oak  Ridge,  Tennessee,  1951) 
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cells  Px  and  P8.  A  circuit  is  used  by  which  a  drop  in  liquid  level  drops  the  shutter  past 
the  photocell  P8 .  This  activates  the  cell  which  in  turn  activates  a  solenoid.  The  solenoid 
admits  compressed  air  into  a  liquid  nitrogen  reservoir,  forcing  the  liquid  into  the  Dewar 
through  filler  tube  U  until  the  photocell  Px  is  activated  by  the  rising  shutter,  thereby  shut¬ 
ting  off  the  flow. 

A  much  more  sophisticated  attachment  for  the  diffractometer  is  shown  in  figure  4.  The 
figure  shows  an  exploded  view  of  a  low  temperature  vacuum  attachment  for  the  Norelco 
diffractometer.  As  can  be  seen  in  the  drawing,  the  camera  has  its  own  self  contained  coolant 
flask,  actually  a  modified  Dewar,  the  sample  being  cooled  by  conduction.  Various  coolants 
can  be  used  depending  upon  the  range  of  temperature  of  interest.  The  temperature  is  con¬ 
trolled  by  heating  the  sample  block  while  the  flask  is  kept  full  of  coolant. 

The  gaseous  refrigerant  method  of  cooling  is  readily  adaptable  to  the  standard  powder 
camera,  allowing  photographic  recording  of  low  temperature  diffraction  effects  (refs  6, 

12,  13,  18,  19,  23,  32,  33,  34,  36,  39,  41,  49,  52,  55,  61,  66,  69,  74).  A  simple  powder  camera 
arrangement  is  illustrated  in  figures  5  and  6,  incorporating  a  stream  of  cooled  gas  as  a 
refrigerant.  In  figure  6,  B  represents  alignment  pins  which  aid  in  the  assembly  of  the 
camera  while  C  is  the  thermocouple.  Several  other  camera  designs,  cooling  systems,  and 
specimen  mountings  are  described  in  the  references.  The  ability  to  evacuate  the  camera 
is  a  distinct  advantage  in  that  it  eliminates  the  icing  problem  and  should  be  incorporated 
when  possible.  In  designing  a  low  temperature  powder  camera,  an  effort  should  be  made 
to  isolate  the  film  from  the  cooled  area  (ref  13)  or  at  least  to  insulate  the  film  from  the 
direct  cooling  action  of  the  refrigerant  by  incorporating  a  suitable  shield,  since  low  tem¬ 
perature  severely  affects  the  sensitivity  of  X-ray  film. 

A  more  sophisticated  arrangement  is  the  design  of  a  metal  cold  cell  or  cryostat  employ¬ 
ing  either  liquid  nitrogen  or  helium  or  both  as  a  coolant.  Cryostats  are  normally  mounted 
on  a  diffractometer  and  provide  either  photographic  or  electronic  detection.  Such  a  design 
is  presented  by  the  authors  and  is  described  in  detail  in  section  II.  Several  other  cryostat 
designs  have  been  reviewed  and  are  all  of  the  same  general  design  (refs  11,  54,  58,  73,  76). 
In  this  arrangement,  a  metal  Dewar  is  bolted  to  a  chamber  fitted  with  a  window.  A  sample 
block  is  attached  to  the  lower  end  of  the  inner  bucket  of  the  Dewar  and  extends  down  into 
the  lower  chamber  where  it  intersects  the  X-ray  beam.  The  interior  of  the  instrument  is 
evacuated  and  the  sample  cooled  by  conduction.  The  device  allows  the  study  of  not  only 
solid  and  powder  samples,  but  also  liquids  and  gases  which  may  be  admitted  into  the 
specimen  chamber  by  a  suitable  method,  where  they  condense  on  the  cold  sample  block. 

The  design  of  a  helium  cryostat  is  more  complicated.  To  increase  the  efficiency  and  to 
preserve  the  coolant  the  helium  bucket  must  be  surrounded  by  a  separate  nitrogen  bucket, 
the  entire  assembly  contained  in  a  high  vacuum  (ref  76).  Authors  have  proposed  many 
special  design  and  fabrication  features  which  certainly  should  be  considered  if  the  expense 
permits. 

Low  temperature  techniques  are  not  restricted  to  diffractometer  and  powder  camera 
applications,  but  are  readily  adaptable  to  single  crystal  studies.  For  such  investigations 
of  single  crystals  at  low  temperatures,  both  the  Weissenberg  and  Buerger  precession 
cameras  can  be  adapted  for  studies  down  to  liquid  nitrogen  temperatures  (refs  26,  30,  37, 

38,  46,  51,  53,  59,  68,  70,  71).  Low  temperature  investigations  are  particularly  advanta¬ 
geous  in  the  case  of  single  crystals  because  of  the  increase  of  intensity  of  the  reflections. 
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The  coolant  delivery  system  in  the  single  crystal  arrangements  generally  follows  that 
illustrated  in  figure  7.  The  figure  shows  the  two  main  features  of  such  a  system.  The 
central  double -walled,  evacuated  coolant  delivery  tube  is  surrounded  at  the  delivery  end 
by  an  open  jacket  through  which  is  passed  warm,  dry  gas.  The  warm  gas  serves  as  an 
effective  shield  and  insulator  for  the  central  cooled  stream  of  gas  as  it  bathes  the  sample. 
A  more  detailed  drawing  is  shown  in  figure  8.  This  general  scheme  can  be  readily  applied 
to  any  single  crystal  camera. 

Low  temperature  techniques  are  used  for  a  great  number  of  practical  and  experimental 
applications.  One  very  important  and  common  application  of  low  temperature  diffraction 
is  the  determination  of  thermal  expansion  and  symmetry  changes  of  materials  at  low 
temperatures  (refs  3,  10,  20,  21,  22,  27,  57,  65).  Thermal  properties  and  phase  trans¬ 
formations  can  be  accurately  and  easily  determined  by  standard  methods  in  the  range 
from  room  temperature  to  the  temperatures  of  liquid  nitrogen  or  helium.  Techniques 
have  also  been  proposed  to  study  materials  at  low  temperatures  and  variable  pressures 
(ref  17). 

An  important  metallurgical  application  is  the  structural  examination  of  metals  upon 
deformation  at  low  temperatures  (refs  47,  50,  67,  72).  Such  methods  allow  the  study  of 
structural  changes  due  to  cold  working,  stretching,  etc.,  in  situ  at  these  low  temperatures. 

Several  techniques  have  been  proposed  for  the  X-ray  study  of  solidified  gases  (refs  4, 

5,  7,  14,  15)  and  liquids  (ref  48). 

Thermocouples  suitable  for  use  at  these  low  temperatures  have  been  investigated  and 
reported  (ref  42). 
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II.  A  LOW  TEMPERATURE  SPECIMEN  MOUNT  FOR  THE  SIEMENS 
HORIZONTAL  DIFFRACTOMETER 


A  low  temperature  specimen  mount  for  the  horizontal  Siemens  X-ray  diffractometer  is 
described.  It  was  necessary  to  design  such  a  specimen  mount  because  the  literature  does 
not  describe  a  mount  which  fits  the  needs  of  the  Physics  Laboratory.  As  was  shown  in  the 
review,  literature  designs  are  primarily  single  crystal  apparatus,  film  cameras,  or  de¬ 
signs  for  the  vertical  diffractometer  of  the  Philips  type.  One  excellent  design  for  a  hori¬ 
zontal  diffractometer  mount  (ref  58)  is  far  too  complicated  for  our  purposes  and  probably 
too  large  to  fit  the  Siemens  diffractometer. 

Description  of  the  Mount 

Figure  9  shows  an  exploded  view  of  the  specimen  mount  for  low  temperatures.  At  the 
bottom  of  the  figure  is  seen  the  base  which  bolts  tightly  to  the  diffractometer  through  the 
same  three  holes  that  normally  hold  the  specimen  holder  for  room  temperature  work. 
Fitting  this  base  is  the  vacuum  enclosure  and  window  assembly,  on  which  are  mounted  the 
pumping  and  venting  ports,  alignment  screws,  and  alignment  bars.  The  window  is  10  mil 
beryllium  curved  to  the  radius  of  the  enclosure  and  is  cemented  in  with  epoxy  resin  cement. 
The  windows  cover  slightly  more  than  180°  to  allow  for  alignment  at  zero  degrees  2  0. 
Fitting  on  to  this  vacuum  tight  enclosure  is  the  stainless  steel  Dewar.  The  bottom  of  the 
inner  bucket  of  this  Dewar  is  copper  with  a  copper  button  extending  up  into  the  liquid 
nitrogen  or  other  coolant.  The  copper  specimen  holder  bolts  tightly  to  the  copper  block 
on  the  bucket  and  is  pinned  so  that  it  must  be  properly  aligned  in  order  to  fit  on  the  block. 
The  Dewar  is  also  pinned  so  that  it  may  be  placed  on  the  enclosure  and  always  be  in 
alignment.  An  “O”  ring  furnishes  the  seal  between  the  Dewar  bucket  and  the  enclosure. 

An  insulated  two-conductor  vacuum  seal  is  used  for  bringing  the  iron  -  constantan  thermo¬ 
couple  into  the  chamber. 

Figure  10  shows  the  low  temperature  mount  on  the  Siemens  diffractometer.  Note  that 
the  alignment  bar  fits  into  the  jig  used  for  aligning  the  original  room  temperature  mount. 
Figure  11  shows  a  similar  view  of  the  mount  with  the  Dewar  removed  to  show  the  interior 
of  the  assembled  mount. 

Three  different  configurations  have  been  used  for  sample  holders.  One  is  machined 
from  copper  and  the  sample  is  placed  directly  on  the  copper  specimen  surface.  Another 
accommodates  a  frosted  glass  microscope  slide  and  still  another  has  a  f  inch  hole  and 
accommodates  bulk  rods  or  buttons. 

Alignment 

The  mount  is  aligned  by  first  aligning  the  diffractometer  on  zero  degrees  20  using 
standard  Siemens  techniques.  Then,  the  sample  block  on  the  bottom  of  the  Dewar  bucket 
is  replaced  by  a  zero  alignment  device  as  shown  in  figure  12.  This  device  is  identical  to 
the  sample  holder  except  that  it  holds  the  Siemens  zero  alignment  slide  which  is  two  pieces 
of  glass  separated  by  a  thin  foil.  When  properly  aligned,  a  very  thin  unattenuated  X-ray 
beam  will  reach  the  counter  at  zero  degrees  20.  When  this  beam  is  maximized,  the 
diffractometer  and  sample  holder  are  aligned  at  zero  degrees  20.  Now  the  zero  alignment 
device  is  removed  and  the  copper  sample  holder  is  attached  to  the  Dewar  bucket.  The 
position  of  the  first  line  of  copper  is  checked  and,  if  it  is  not  exactly  correct,  the  diffrac¬ 
tometer  or  tube  take-off  angle  may  be  changed  to  bring  the  position  of  the  line  to  the 
proper  place.  If  the  glass  slide  holder  is  to  be  used,  the  gold  standard  slide  furnished  by 
Siemens  may  be  used  for  alignment  rather  than  the  copper  holder. 
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Figure  9.  Exploded  View  of  the  Low  Temperature  Mount 
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Figure  10.  The  Low  Temperature  Mount  Assembled  on  the  Diffractometer 
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Figure  11.  The  Low  Temperature  Mount  With  the  Dewar  Removed  From  the  Base 
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Figure  12.  Zero  Alignment  Device 
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Obtaining  Low  Temperatures 

Normally  for  routine  work  in  identifying  organic  liquids,  the  sample  is  placed  on  the 
sample  holder  and  the  Dewar  quickly  chilled  to  crystallize  the  sample.  The  Dewar  is  then 
placed  on  the  enclosure  and  a  rough  vacuum  of  about  25^  is  pulled  on  the  system  to  pre¬ 
vent  icing  and  to  act  as  an  insulator  for  the  Dewar  vessel.  With  liquid  nitrogen  at  -196°C 
in  the  Dewar,  the  specimen  temperature  at  the  center  of  the  specimen  is  -190°  C.  Thermal 
gradients  across  the  sample,  therefore,  should  be  no  more  than  5°C.  For  higher  tempera¬ 
tures,  a  dry  ice  (CO^  )  -  acetone  mixture  works  well.  If  a  number  of  different  temperatures 
are  necessary,  then  a  cooling  coil  could  be  placed  in  the  Dewar  with  an  appropriate  heat 
exchanging  liquid  and  a  flow  of  liquid  or  cooled  gaseous  nitrogen  could  be  maintained  to 
obtain  any  temperature  from  room  temperature  to  -190°C.  For  temperatures  above  room 
temperature,  the  same  technique  may  be  used  by  heating  the  circulating  gas  and  using 
silicone  oil  in  the  Dewar  as  the  heat  exchanging  medium.  This  mount  has  been  used  up  to 
100° C  with  an  immersion  heater  and  silicone  oil.  Temperatures  much  higher  than  100°  C 
could  not  be  obtained  with  this  mount  because  soft  solder  was  used  to  solder  the  copper 
block  to  the  bottom  of  the  Dewar  bucket.  If  temperatures  higher  than  100°  C  were  to  be 
achieved,  silver  solder  could  be  used. 

To  illustrate  the  typical  use  of  such  a  low  temperature  specimen  mount,  figure  13  was 
prepared  showing  the  powder  pattern  for  acetonitrile  at  -190°  C  and  at  -75°  C.  As  can  be 
seen,  a  phase  change  has  occurred  between  -190°  C  and  -75°  C  (actually  several  phases 
exist  in  acetonitrile  and  will  be  discussed  in  a  later  report).  This  result  correlates  directly 
with  effects  shown  in  EPR  spectroscopy  by  L.  A.  Harrah  of  the  Physics  Laboratory. 
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